Introduction
There are a remarkable variety of conceptual models for the process of bacterial divergence as it impacts genome evolution, and some offer great practical value for the delineation of species from genomic data if they are correct (Dykhuizen and Green 1991; Reeves 2000, 2001) . However, other conceptual models challenge the relevance of genomic divergence in delineating species of prokaryotes (Gogarten et al. 2002; Lawrence 2002; Dobrindt et al. 2004; Hanage et al. 2005; Doolittle and Papke 2006; Nesbø et al. 2006) . Indeed, the latter type of model has been referred to as ''speciation without species'' (Lawrence 2002) . These innovative models assert that the genomes of named species are comprised of a mosaic of differentially extendible gene pools subject to different evolutionary dynamics (Lawrence 2002; Nesbø et al. 2006; Papke et al. 2007; Retchless and Lawrence 2007) . Hereafter, we refer to this view of prokaryotic genome evolution as the mosaic genome concept (MGC).
The MGC is motivated by the dynamic process of lateral gene exchange observed among many ecologically divergent species of prokaryotes (Gogarten et al. 2002) . There is now a consensus opinion that lateral transfer of genes is a major mechanism for ecological innovation among prokaryotes (Dobrindt et al. 2004 ) and thereby subject to potentially strong selective pressures. Core genes closely linked to such accessory genes could be subject to nonneutral evolutionary dynamics due to the phenomenon of ''hitchhiking'' (Lawrence 2002; Retchless and Lawrence 2007) . It follows that natural selection could promote or impede exchangeability of genes among lineages residing in different niches if those genes contain, or are linked to, genetic variation that has different fitness effects in different environments (Lawrence 2002; Retchless and Lawrence 2007) . When homologous recombination (HR) is frequent among genomes, natural selection can act independently of the variability present at unlinked core loci. The core genome is therefore predicted to be composed of a mosaic of loci participating in differentially exchangeable gene pools; the limits to exchangeability among lineages being determined by both natural selection and the sequence similarity requirements for the HR machinery (Lawrence 2002; Nesbø et al. 2006; Papke et al. 2007; Retchless and Lawrence 2007) . Hence, a prediction of the MGC is that the process of ecological and genomic divergence could become decoupled. To date, the role of natural selection in the decoupling of genomic and ecological divergence has focused on the fitness consequence of lateral gene transfers (LGTs).
Although there have been several studies that support the MGC (e.g., Hanage et al. 2005 , Nesbø et al. 2006 Retchless and Lawrence 2007) , in no case has there been an assessment of the role of niche-specific selection on core-genes (i.e., those that have not been subject to LGTs) in the decoupling of genomic and ecological divergence. The genus Listeria provides an attractive system for such an investigation. Different lineages within Listeria monocytogenes (hereafter referred to as L.m.-L1 and L.m.-L2; serotypes given in Materials and Methods) represent ecologically divergent pathogens; they differ in their evolutionary history and population structure (Nightingale et al. 2005) and might have a different ability to respond to environmental stress (Wiedmann et al. 1997; Nightingale et al. 2005; Zhou et al. 2007 ). In addition, the closely related species L. innocua, being nonpathogenic, represents an even larger level of ecological divergence. A recent genomic analysis of Listeria uncovered evidence for a large fraction of genes having a signal for HR (Orsi et al. 2008 ). Hence, Listeria represent an opportunity to assess the impact of niche-specific selection on a core genome that also experiences frequent interlineage recombination.
In this study, we conduct a genomic assessment of both niche-specific selection pressure and HR. Our approach to HR differs from Orsi et al. (2008) in that we use a phylogenetic framework to detect the impact of HR on the evolutionary history of gene sequences. In addition, we employ model-based methods to test for divergent selection pressures between ecologically divergent lineages. We find evidence that genomic and ecological divergence among Listeria has indeed been decoupled, with their core genomes being best characterized by a mosaic of interspecies HR and niche-specific selection pressures. The extremes of the different evolutionary dynamics range from genes that appear readily exchangeable via HR between Listeria and other genera, to niche-specific selection pressure within Listeria that can be linked to metabolic phenotypes with potential ecological significance. Based on these findings, we propose an expanded role for natural selection in core-genome evolution under the MGC. In this ''extended MGC,'' natural selection acting on core genes plays a role in fine tuning cellular metabolism for the exploitation of the involved niche following the initial phase of niche acquisition via LGTs.
Materials and Methods

Sequence Data and Multiple Alignments
Protein-coding sequences were sampled from one genome of Listeria innocua (NC_003212), a nonpathogenic lineage, and four genomes of L. monocytogenes. Two L. monocytogenes genomes represent a strain that is believed to be more fully adapted to a pathogenic lifestyle (lineage 1, serotype 4b: NC_002973 and LMOh7858) than the other strains of L. monocytogenes. We note that additional ecological diversity exists within lineage 1, but complete genome sequences are not available. The other two L. monocytogenes genomes represent a more generalized intracellular pathogen that has also adapted to survive in a wider variety of nonintracellular environments (lineage 2, serotype 1/2a: NC_003210 and LMOf6854) (Wiedmann et al. 1997; Mereghetti et al. 2002; Nightingale et al. 2005) .
We parsed the protein-coding sequences from the genomes, translated those sequences to amino acids, and placed them into clusters of orthologous sequences by using BlastClust (Altschul et al. 1990 ) with S set to 70. The value of S was empirically determined to maximize the number of orthologous groups containing all five lineages of Listeria. Clusters of gene families were manually inspected and, where possible, were decomposed into clusters of orthologous sequences. In total, we resolved 1,905 clusters comprised of exactly one sequence (100 amino acids) from each genome; these clusters were subject to further analysis. As complete genome sizes ranged from 2.90 to 3.01 Mb and 2,821-3,111 protein-coding genes (2,529-2,686 100 amino acids), this subset of genes represents from 61% to 67% of the genome. Amino acid sequences were aligned by using t-coffee (Notredame et al. 2000) . Resulting alignments were used as templates for alignment of nucleotide sequences.
Testing for Incongruent Evolutionary Histories
We estimated a phylogeny from the combined set of 1,905 gene sequences by using maximum likelihood (ML) as implemented in the baseml program of the PAML package (Yang 1997) . We refer to this estimate of the phylogeny as the genome tree. ML scores were obtained for each of the 15 possible uprooted topologies (table 1) under HKY85 (Hasegawa et al. 1985) in combination with a gamma correction for among-sites rate variation (Yang 1994) . We also employed ML to estimate a tree topology individually for each gene. The evolutionary model was the same as above but with the value for the a parameter fixed at the ML estimate obtained from the complete set of sequences (0.166). For robustness, we also employed gene-specific estimates of the a parameter (supplementary Materials online). The single distribution parametric bootstrap (Shi et al. 2005), called the SDPB test, was used to determine if the ML estimate of an individual gene tree differed from the genome tree. We note that the SDPB test (Shi et al. 2005) differs from the more commonly used SOWH test (Swofford et al. 1996) and that our application of SDPB was based on simulating 1,000 replicates under estimates of the model parameters and branch lengths obtained by ML and assuming the genome tree. The performance of the SDPB and SOWH in an extensive simulation study can be found in Shi et al. (2005) . SDPB was applied to each gene having an ML topology different from the genome tree. Because we are conducting multiple tests, we expect some fraction of the significant tests will be due to chance alone. We estimated this fraction (called the false discovery rate, or FDR) under the level of the test (a 5 0.05) by using a sequential P value method (FDR: Benjamini and Hochberg 1995) . We use a sequential correction here because we only have P values for those cases where the gene tree differed from the genome tree.
We employed a second method, hereafter referred to as ''method 2'' to test the fit of gene trees against the genome tree. For each gene cluster, the amino acid sequence for L. innocua was compared with the complete microbial genome database (as of May 2006) by using Blast (Altschul et al. 1990 ). The outgroup lineage having the closest match was added to the five Listeria lineages comprising each gene cluster. The amino acid sequences were aligned using t-coffee (Notredame et al. 2000) , and two five-sequence subsets of the data were created. Each subset included the outgroup; one subset excluded one of the L.m.-L1 sequences, whereas the other subset excluded one of the L.m.-L2 sequences. Limiting the data sets to five taxa permitted us to apply the SDPB to data sets containing an outgroup without substantially increasing the computational cost of conducting the test for all genes in the core genome. The amino acid sequences were analyzed using the codeml program of the PAML package (Yang 1997 ) under the WAG model of amino acid evolution (Whelan and Goldman 2001) . Likelihood scores were computed for all 15 topologies, and the SDPB test was used as described above to determine if the ML topology differed from the genome topology.
Statistical Inference of Natural Selection Pressure
The strength and direction (positive or negative) of natural selection pressure was estimated for each proteincoding gene by using a Markov model of codon evolution (Goldman and Yang 1994; Muse and Gaut 1994) . In this approach (reviewed in Yang and Bielawski 2000; Bielawski and Yang 2005) , the substitution process between 61 of the 64 codons is modeled as a Markov process, with selection pressure quantified by the nonsynonymous/synonymous rate ratio (commonly denoted as d N /d S or x). The x parameter is estimated for an alignment of gene sequences by maximizing the likelihood of the data with respect to the other free parameters of the codon model.
We tested several hypotheses (denoted H0 to H3) for variable selection pressure over time by constructing alternative codon models having independent x parameters for different sets of branches of the genome tree. The simplest hypothesis assumed homogenous selection pressure over the entire evolutionary history, with one x parameter for all branches in the tree (H0). H1 assumed selection pressure differed between the pathogenic L. monocytogenes and the nonpathogenic L. innocua, each having an independent x parameter. H2 assumed L.m.-L1 (4b serotype) was subject to different selection pressure than all other lineages. H3 assumed L.m.-L2 (1/2a serotype) was subject to different selection pressure than all other lineages. A graphical depiction of H1-H3 is presented in figure 1 .
ML analyses were carried out by using the codeml program of the PAML package (Yang 1997) . Likelihood ratio tests (LRT) (1df) were used to determine if H1, H2, or H3 fit a given data set better than H0 for the 1,309 genes that showed no indications of a history of recombination. We note that we did not take a rejection of any single LRT as impacting the entire family of tests, for example, we were not interested in testing the improbable hypothesis that H0 is true for all 1,309 genes. Rather, our purpose was to The tree is rooted for convenience; all analyses were conducted by using the unrooted topology. The x parameter is the d N /d S ratio and is used to measure the strength and direction of selection pressure. Values for x were estimated from the data via ML. The one ratio model (H0) assumes uniform selection pressure over all branches. H1 is based on the notion of divergent selection pressure between pathogens (Listeria monocytogenes: x 2 5 x 3 ) and nonpathogens Listeria innocua: x 1 ). H2 is based on the notion that only lineage 1 of L. monocytogenes (x 2 ) was subject to divergent selection; hence, lineage 2 of L. monocytogenes maintains the ancestral level of selection pressure, with x 1 5 x 3 . H3 is based on the notion that only lineage 2 of L. monocytogenes (x 3 ) was subject to divergent selection; hence, lineage 1 of L. monocytogenes maintains the ancestral level of selection pressure, with x 1 5 x 2 .
uncover evidence for cases where a model, say H0, is false while at the same time controlling the FDR. To accomplish this, we fixed the rejection region [0, 0.05], selected the smallest P value of each LRT (Akaike 1974) and then estimated the upper confidence interval for the positive FDR (pFDR) by using the method of Storey (2002) .
Testing the Relationship between Niche-Specific Selection and Metabolism
The structure of the Listeria metabolic network is derived from the substrate, product and enzyme code information within the Ma and Zeng (2003) database. Modules are identified computationally by maximizing the modularity function of Guimera and Amaral (2005) , as implemented in the simulated annealing program ModulesSA (Guimera and Amaral 2005) . The simulated annealing parameters for ModulesSA are iteration factor (f) 5 3, cooling factor (c) 5 0.999, and final temperature (T f ) 5 0. The program Pajek version 1.21 (Batagelj and Mrvar 1998 ) is used to visualize the network. Each enzyme in the network is also classified according to traditional biochemical pathways as specified in the kyoto encyclopedia of genes and genomes database (Kanehisa et al. 2008) .
We test for a significant association between metabolic structure and niche-specific selection pressure by using a two-step procedure. In the first step, a gene is assigned a binary variable (0 or 1) depending on whether it belongs to a structural module of the metabolic network or a biochemical pathway (KEGG: Kanehisa et al. 2008 ). Pearson's v 2 test is used to identify modules and pathways that are significantly associated with the best hypothesis for selection (H0, H1, H2, or H3). The best hypothesis is determined by using LRTs; in cases where more than one LRT is significant, the likelihood score is used to identify the best model (Akaike 1974) . Next, the modules and pathways identified in the first step are treated as explanatory variables in a multinomial regression analysis. This avoids beginning the regression analysis with an overly saturated model (i.e., having 103 predictor variables). The response variable is categorical and indicates for each gene the best hypothesis for selection pressure (H0, H1, H2, or H3). A multinomial regression model is then specified for the predictor variables and their interactions. LRTs are used to simplify this model via the classic backward elimination procedure (Miller 1990) . Using the simplified model we compute the odds ratios for each alternative hypothesis against the baseline hypothesis (H0). A detailed summary of the results is presented in the Supplementary Materials online.
Results
HR Yields Phylogenetic Incongruence within the Listeria Core Genome
We use phylogenetic incongruence among genes to assess the role of HR in Listeria core-genome evolution. Here, the core genome is defined as the set of genes having orthologous sequences in every lineage in our sample, which was comprised of one genome for L. innocua, two genomes for L.m.-L1, and two genomes for L.m.-L2.
From this sample, we obtain a set of 1,905 orthologous genes having exactly one sequence from each genome. The resulting ''genome tree'' ( fig. 1) , as estimated by using ML, is consistent with the traditional phylogeny for this set of lineages (Vázquez-Boland et al. 2001; Ward et al. 2004) and is well supported by bootstrap analysis. However, a considerable fraction of the Listeria core genome (18% of genes) is incongruent with monophyletic ecotypes or named species (table 1 and supplementary table S1 , Supplementary Material online).
Two methods are used to formally test the hypothesis of incongruence. Method 1 is based on the SDPB test (Shi et al. 2005 ) applied just to the Listeria core-genome sequences (no outgroups). Method 1 indicates that the incongruent phylogenetic signal should not be attributed to sampling errors alone, with 11% of the core genes (212) differing significantly from the genome tree (table 1 and supplementary  table S1 , Supplementary Material online). We note that using gene-specific estimates of the a parameter within method 1 yielded highly similar results (207 genes: supplementary table S1, Supplementary Material online). For method 1, the FDR (Benjamini and Hochberg 1995) is adequately controlled without additional corrections, as it is estimated to be ;8%, which is just above the nominal level of the test (5%). Note that we also expect a rate of false negatives, owing to the difficulty of detecting cases of recombination where allelic substitutions occurred within conserved sequences (Mau et al. 2006) .
It is not possible to discern some recombination events within Listeria without the inclusion of an outgroup taxon. Furthermore, some nongenome topologies require a root to infer the type of recombination event. For example, tree 5 in table 1 is consistent with either recombination between L. innocua and L.m.-L2, or between L.m.-L1 and L.m.-L2; these alternatives cannot be distinguished without a root for the tree. Hence, we employ a second method to test for incongruence that uses an outgroup lineage. Method 2 is also based on the SDPB test, but is performed on amino acid sequences. Method 2 revealed an additional 384 genes having an ingroup topology incongruent with the genome tree, increasing the genomewide estimate to 31%. The majority of new cases (73%) represent recombination events between named species; either between species of Listeria or between Listeria and an outgroup species (e.g., Bacillus, Geobacillus, and Lactobacillus, supplementary table S1, Supplementary Material online). Most interspecies cases (65%) are consistent with a single event, whereas the remainder are consistent with multiple events that included at least one between-species event. There are 90 cases where method 2 does not reject the genome tree but method 1 does; however, we expected that method 2 would have lower power for events involving closely related lineages due to its use of amino acid sequence variation.
Listeria genomes are highly stable, sharing an extremely high degree of synteny among species . Our sample of 1,905 orthologs represent a majority of each genome, comprising between 71% and 75% of the collection of genes 100 codons (61-67% of all genes). We do not expect a problem with false orthologs, because the locations of the sampled genes are conserved among all five Listeria genomes. Average uncorrected sequence divergence is well below 25% between ecotypes (5.25%) and between species (11.8%; see supplementary table S2, Supplementary Material online, for additional comparisons, including d S ). Because sequence divergence between pairs of Listeria is this low, HR is a plausible mechanism for gene exchange among these lineages (Thomas and Nielsen 2005) .
A Large Fraction of the Core Genome is Subject to Niche-Specific Selection Pressures
We evaluate the role of natural selection in core genome evolution by testing for niche-specific selection pressures among core genes. The strength of selection pressure is measured by ML estimation of x (d N /d S ) under a codon model. Differences among ecotypes and species are modeled by specifying independent x parameters for different parts of the phylogeny ( fig. 1 ). Only those genes having a gene tree congruent with the genome tree are evaluated (1,309 genes). Three alternative models for niche-specific selection pressure are tested. First, we treat the capacity for an intracellular lifestyle by the pathogens and the freeliving lifestyle of nonpathogens as proxies for ecological divergence. A model specifying different selection pressure (x) between the pathogenic and nonpathogenic branches of the tree ( fig. 1: H1 ) is compared with a null model specifying homogenous selection pressure (x) over the entire evolutionary history of Listeria ( fig. 1: H0) . LRTs of H0 versus H1 (supplementary table S1, Supplementary Material online) indicated a large fraction of core genes (17%) are subject to divergent selection pressures between pathogens and nonpathogens. In the second and third models, we assess the possibility of niche-specific selection pressure associated with either ecoptype of L. monocytogenes (L.m.-L1 or L.m.-L2). In the second model, one ecotype of L. monocytogenes (L.m.-L1) is subject to a novel level of selection pressure and the other (L.m.-L2) continues to be subject to the ancestral level of selection pressure,that is, that associated with L. innocua ( fig. 1: H2) . In the final model, selection pressure acting on the L.m.-L2 ecoptype is derived ( fig. 1: H3) . LRTs indicate 12% (160) of core genes are subject to niche-specific selection pressure in L.m.-L1 (H0 vs. H2) and 13% (168) are subject to niche-specific selection pressure in L.m.-L2 (H0 vs. H3). However, for 13% of the genes tested, .1 LRT is significant; in these cases, the best evolutionary model for the gene was determined by the likelihood of the model (Akaike 1974) . Table 2 summarizes the results taken over all three LRTs. Overall, 351 genes (27%) show signal for divergent selection pressure.
Interpretation of x rests on the assumption that differences between gene sequences represent the product of a markov process of codon substitution (Bielawski and Yang 2005) . If a large fraction of the sequence diversity within our sample was polymorphism, the estimated values of x could be inflated because such nonsynonymous polymorphism would be incorrectly counted as substitutions (Rocha et al. 2006) . We investigated the possibility of such an effect on these data by using the approach of Rocha et al. (2006) and found very little signal for such an effect within these data. A detailed presentation of these findings is provided in Supplementary Materials online. This is not surprising because both lineages of L. monocytogenes appear to have recently experienced a bottleneck (den Bakker et al. 2008 ) and within lineage divergences represent only a very small fraction of the total sequence represented by our sample of genomes ( fig. 1) .
The problem of false positives arising from a large number of LRTs is approached by computing an FDR for the data in hand. The pFDR is estimated for the rejection region [0, 0.05] by using the method of Storey (2002) . For these LRTs, the pFDR is estimated to be just 5%, with a 95% upper confidence interval of 6% (based on 1,000 bootstrap replications and estimating gamma 5 0.7). Based on these results, we estimate that a large fraction of the core genome (;25%) is subject to niche-specific selection pressure.
Essential Genes Have Similar Evolutionary Dynamics as Nonessential Genes
Core genes are often subdivided according to whether they are essential to sustaining a living cell (Kobayashi et al. 2003) . Because the functional importance of essential genes is thought to be reflected in the most intense selective constraints acting on the core genome (Jordan et al. 2002a (Jordan et al. , 2002b ; but see Rocha and Danchin 2004) , we considered the possibility that essential gene evolution might not fit the MGC. In practice, essential genes are defined as those in which a knockout is lethal (e.g., Kobayashi et al. 2003) . Based on experimental determination of lethality in Bacillus subtilis, a very close relative of Listeria, we classified 194 Listeria genes as putatively essential (Kobayashi et al. 2003 ; supplementary table S1, Supplementary Material online). We find that the essential genes are subject to both interspecies recombination events and divergent selection pressure (table 3). The odds of recombination are very similar in both essential and nonessential genes, as indicated by an odds ratio that is not significantly different than 1 (table 3) . Furthermore, the odds of divergent selection among essential genes is substantial (0.302), suggesting a potentially important role in ecological divergence.
Different Metabolic Phenotypes Are Associated with Niche-Specific Selection Pressure
Given a potentially large role for niche-specific selection pressure in the evolution of the Listeria core genome, we investigated if such selection pressure could be linked to metabolic phenotypes having clear ecological significance. Here, we focus on two different aspects of metabolism: 1) the cartography (structure) of the metabolic network and 2) alterations in the pattern of gene expression during intracellular growth.
First, we construct a structural model of the metabolic network for Listeria from publicly available metabolomic data (Ma and Zeng 2003) . The links of this network represent metabolic enzymes. Three hundred eighty-eight of the core genes in our data set encode enzymes that are represented by a link in this network. Data for niche-specific selection pressure are available only for the subset of those genes that have a gene tree congruent with the genome tree (249 genes). The nodes of the network represent metabolites and are color coded according to the module that they belong to. The network is categorized according to 93 modules; here, modules are purely structural and are identified by computational methods (Guimera and Amaral 2005) . Alternatively, we also categorize the network according to traditional biochemical pathways (as specified in the KEGG database, Kanehisa et al. 2008 ). The interconnected, or giant strong component (GSC), is shown in figure 2 .
We test for an association between metabolic structure and niche-specific selection pressure by using a two-step procedure comprised of 1) an initial test for independence and 2) a multinomial regression analysis. Metabolic structure is defined relative to the modules of the network ( fig. 2 ) and different biochemical pathways (supplementary table S3, Supplementary Material online). Based on this analysis, we identify three modules (16, 84, and 86) and three pathways (KEGG pathway numbers 220, 230, and 3,030) that can be viewed as being significantly enriched or deficient with respect to a given model of selection pressure (H1, H2, or H3). For example, in pathway 220 (urea cycle and amino group metabolism), the odds of observing unique selection pressure within ecotype L.m.-L1 (i.e., model H2) was N is the total number of genes in a functional category. G is the number of genes in a category having a genome-tree topology. The total number of genes is 1,905; the total number having a genome-tree topology is 1,309; details of model H0, H1, H2, and H3 are presented in figure 1 ; Models H1, H2, and H3 were tested against H0 on the 1,309 genes having the genome-tree topology; x H0 is the average d N /d S ratio for all N genes in a given functional category. The odds of a nongenome tree were computed as the relative frequency of nongenome trees divided by the relative frequency of genome trees. The odds of divergent selection were computed as the relative frequency of divergent selection divided by the relative frequency of homogenous selection pressure. The odds ratio is the ratio of the odds in nonessential and essential genes. The hypothesis that an odds ratio differed from one was tested by using Fisher's exact test.
3.6 times higher than the odds of observing unique selection pressure within ecotype L.m.-L2 (i.e., model H3). Odds ratios for all six predictor variables are given in supplementary results, Supplementary Material online.
The regression model is, nonetheless, a highly idealized version of a much more complex reality. To obtain a different perspective, we map the genes subject to divergent selection pressure onto the metabolic network. It is immediately clear that there is a tendency for enzymes subject to niche-specific selection to be clustered within the network (e.g., fig. 2B and C), a feature that is not explicitly included in the regression model. Moreover, clusters of enzymes subject to niche-specific selection pressure can span multiple pathways or modules. Module 86 is a good example of such complexity; it is a structural element of the network centered on two hub metabolites (glycerone phosphate and D-glyceraldehyde-3P) and includes parts of 14 biochemical pathways. H2-type selection pressure in module 86 (red links in fig. 2B ) tends to be centered on enzymes connected to the hub metabolites (filled nodes . Asterisks and pound symbols in B and C indicate network links were multiple genes encode enzymes that catalyze the same reaction and one enzyme was subject to H2-type selection pressure and another was subject to H3-type selection pressure. Filled nodes in B and C are glycerone phosphate and D-glyceraldehyde-3P and are the considered ''hub nodes'' of module 86.
in fig. 2B ) and targets parts of nine biochemical pathways. H3-type selection pressure in module 86 (red links in fig. 2C ) does not directly involve either hub metabolite and also targets parts of nine biochemical pathways.
Alteration of gene expression during intracellular growth is a phenotype with clear relevance to the divergence between pathogenic and nonpathogenic lineages. Although gene expression data are far from complete, they do allow us to identify subsets of genes known to have altered expression during intracellular growth (Milohanic et al. 2003; Trost et al. 2005; Chatterjee et al. 2006; Joseph et al. 2006) . We begin by partitioning our data set according to functions (ListiList categories) that are considered critical for intracellular growth and survival, that is, cell wall (1.1) (Trost et al. 2005; Chatterjee et al. 2006) ; transport/ binding (1.2) (Chatterjee et al. 2006; Joseph et al. 2006 ); signal transduction (1.3) (Trost et al. 2005) ; protein secretion (1.6) (Trost et al. 2005) ; cell division (1.7) (Chatterjee et al. 2006 ); cell surface (1.8) (Trost et al. 2005; Chatterjee et al. 2006) ; amino acid (2.2) and nucleotide (2.3) metabolism (Chatterjee et al. 2006; Joseph et al. 2006) . For genes within categories considered critical to intracellular growth, the odds of observing divergent selection pressure between pathogens and nonpathogens is significantly higher if the genes also exhibit altered expression during intracellular growth (table 4). For genes that are not in these critical categories, the odds of divergent selection do not depend on expression level (table 4) . We believe gene expression data covering a wider variety of conditions could provide deeper insights into the patterns of divergent selection pressure.
A nonrandom association between niche-specific selection pressure and higher level characteristics such as metabolic modularity or altered gene expression is noteworthy. The finding suggests that at least some of the involved core genes are related to each other by their connection to phenotypes with ecological relevance. We also note that our model of the metabolic network, being based solely on cartography, is itself a simplified version of reality. We expect that future work with a more realistic model of metabolism will provide further insights. Clearly, the notion that core genes are evolutionarily uninteresting (e.g., Jordan et al. 2002b ) is untenable for genus Listeria.
Discussion
Individual gene trees displayed considerable phylogenetic incongruence, yet the genome scale phylogeny resolved the traditional phylogeny for Listeria. In this case, gene concatenation solves the ''problem'' of incongruence but masks a history of substantial transfer among ecologically divergent lineages and also across what is generally considered a well-defined species boundary. Such incongruence was expected among Listeria given the high sequence similarity among core genes and the signal for frequent recombination detected by Orsi et al. (2008) . However, gene exchanges between Listeria and species of other genera illustrate that HR can also mediate participation in extended gene pools (i.e., beyond Listeria), albeit far less effectively with increasing sequence divergence.
The porosity of the Listeria core genome to interspecies HR contrasts with some previous studies (e.g., Wertz et al. 2003; Vinuesa et al. 2005) where core genomes were found to be more resistant to interspecies HR. The perceived integrity of the core genome in those cases can be attributed, at least in part, to comparison of more distantly related species where HR becomes increasingly less effective. For example, average nucleotide identity (ANI) (Konstantinidis and Tiedje 2005) between L. innocua and L. monocytogenes is 88%, whereas ANI between Escherichia coli and Vibrio cholerae examined in Wertz et al. (2003) is 67% (supplementary table S4, Supplementary Material online, for additional comparisons). Note that we also detected cases of HR between Listeria and more distantly related lineages (e.g., L. innocua and Bacillus licheniformis where ANI 5 66%; also see supplementary table S4, Supplementary Material online). It seems likely that unique historical effects have influenced the ecological divergence among some species, for example, it could simply be that conditions during the divergence of some groups of species offered less opportunity for HR-mediated recombination events.
Species of Listeria (including L. monocytogenes) coexist in a common soil habitat where, presumably, they have evolved to exploit alternative partitions of this environment. Furthermore, L.m.-L1, L.m.-L2, and L. innocua appear to have been stable evolutionary lineages for a long period of time, for example, long enough for differential selection pressure to leave a detectable signature in a large fraction of the core genome. Our findings indicate that this occurred despite a substantial history of interlineage and even interspecies, recombination. These results also underscore the difficulty with reconciling ecological and core-genome divergence among species having genes that participate in a range of differentially extendedgenepools.Thechallenge istounderstand the process by which such species diverge into distinct ecological lineages and maintain such a distinction, given a history of interlineage recombination.
There is ample evidence that a discontinuity between the process of ecological and genomic divergence is not unique to Listeria. Almeida et al. (2008) detected substantial recombination among ecologically divergent strains of the vector-borne plant pathogen Xylella fastidiosa. Hanage et al. (2005) uncovered considerable incongruence among seven core genes of Neisseria isolates that had been The odds were computed as the relative frequency of genes subject to divergent selection divided by the relative frequency of genes subject to homogenous selection. The odds ratio is the ratio of the odds of divergent selection in genes having altered expression to the odds of divergent selection in genes that have unaltered expression in the same conditions. The hypothesis that an odds ratio differed from one was tested by using Fisher's exact test.
previously assigned to three differently named species. Nesbø et al. (2006) demonstrated recombination-mediated exchange has occurred among divergent ecotypes of Thermotoga easily consistent with a named-species boundary. Nesbø et al. (2006) propose a model for Thermotoga whereby occasional interspecies recombination yields extended gene pools at some loci and LGT events lead to ecological innovation. Although this model provides insights into how such populations might have initially diverged into distinct ecological lineages, it leaves open the question of whether a stable long-term connection might exist between ecologically derived populations and their parental gene pools and what role, if any, natural selection might play in such a connection. By estimating relative divergence times, Retchless and Lawrence (2007) showed that isolation of the E. coli and Salmonella enterica gene pools did not occur at a single point in time but was progressive over ;70 million years. Retchless and Lawrence (2007) hypothesize that genetic isolation was delayed for different genes because gene exchanges continued to occur for as long as the loci remained unlinked to niche-specific selection pressures; however, they did not directly investigate the role such selection pressure has on genome evolution. Perhaps the most surprising case of an extended gene pool involves the core photosystem genes psbA and psbD of Synechococcus. The psbA and psbD genes encode proteins D1 and D2, which are highly conserved components of the photosystem II core reaction center of all oxygenic photosynthetic organisms. Synechococcus psbA and psbD genes are commonly carried in the genomes of their phages, which mediate significant genetic exchanges from host to phage and from phage to host gene pools (Zeidner et al. 2005; Sullivan et al. 2006) . Genetic diversity among the phage gene pool appears to have served as a reservoir for their hosts and in turn influenced host photosystem evolution. These examples illustrate that the core genomes of a variety of different prokaryotes can be composed of a mosaic of differentially extended gene pools. Lawrence (2002) proposed an innovative model for the process by which such species diverge and maintain distinct ecological lineages under a background of interlineage recombination. This model includes a role for natural selection in the process of species divergence but attributes the fitness effects to genes involved in LGT events (i.e., accessory genes) rather than core genes we examine here. In this MGC, the process of LGT continually pushes a lineage through ecological space. Because the ''niche'' would be continually redefined by changes in genotype, the model predicts that increased fitness within a particular niche is not likely to occur by natural selection. Our findings suggest that divergent lineages of Listeria have indeed occupied historically stable niches. A history of coexistence as ecologically distinct lineages is suggested by 1) a substantial fraction of the core genome having been subject to divergent selection pressure, 2) a relationship between divergent selection and altered levels of gene expression, and 3) higher level association between the structure of the Listeria metabolism and niche-specific selection pressure. The coexistence of these species and ecotypes in common soil environments indicates their continued capacity to partition available resources.
Here, we extend the Lawrence (2002) MGC by suggesting that natural selection can act to fine tune cellular metabolism for the exploitation of the involved niche following the initial phase of niche acquisition via LGT. In this extended MGC, the microbial niche is a little less dynamic, thereby allowing a greater role for functional divergence of the core genome in the process of niche colonization. The extended MGC has several elements. 1) As in the Lawrence (2002) model, colonization of a niche is made possible by one or more LGT events. 2) Lineages persist in a new niche, with a potentially large fraction of the core genome subject to selection pressures for a metabolism fine tuned to the involved niche. The process may be facilitated by further acquisition of additional auxiliary genes that also confer positive fitness consequences and the loss of unnecessary genes. 3) As in Lawrence (2002) , rates of recombination will be constrained by purifying selection on regions of the core genome directly subjected to (or linked to) divergent selection pressures, leading to a local restriction in the gene pool. Other regions of the core genome will be free to recombine over more extended gene pools, that is, over genomes occupying a broader variety of niches. 4) Over time, complexes of genomes could evolve in response to expansion into several different niches; consequently, different genomic elements could be variably transferable among different lineages via HR. Consistent with the models of Lawrence (2002) and Nesbø et al. (2006) , ecologically divergent ''species'' would have ill-defined genomic boundaries. 5) Expansion into alternative niches and extinction from others is expected to occur continuously over evolutionary time. Hence, the connectivity of such complexes of genomes would be impossible to predict; restrictions on gene exchange would reflect both historical contingencies and the strength and direction of niche-specific selection pressure.
There is no doubt that the acquisition of novel genes by LGT was critical to the exploitation of novel niches, including the pathogenic lifestyle by lineages of Listeria (Cai and Wiedmann 2001; Buchrieser et al. 2003; Nightingale et al. 2005) . However, niche specialization in Listeria appears also to be a function of a potentially large number of core genes. Given the observed relationship between divergent selection and altered patterns of gene expression, we believe that niche specialization in Listeria is better viewed as derived from networks of genes. We anticipate that a better understanding of such networks, for example, through studies of lineagespecific alterations in the pattern of transcription under different conditions, will provide further insights into how to reconcile distinct ecological divergence among species having indistinct genomic boundaries.
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